INTRODUCTION
Cellular apoptosis is a complex process that is triggered by extrinsic and intrinsic signals. The extrinsic (external) pathways involves the activation of a death receptor upon binding of its ligand, recruitment of specific proteins at the death domain and downstream signaling through a cascade of protein-protein interactions. The intrinsic pathway involves the mitochondria and the release of proapoptotic factors into the cytosol with subsequent activation of executioner caspases.
APOPTOSIS
Apoptosis is a programmed cell death. Many physiological and developmental stimuli cause apoptosis and the mechanism is used frequently to delete unwanted superfluous or potentially harmful cells such as those undergoing transformation. It involves cell shrinkage; condensation of chromatin in the periphery of the nucleus, cell membrane blebbing and DNA fragmentation. Eventually, the cell breaks up into many membrane bound apoptotic bodies which are phagocytized by neighbour cells.
DEATH RECEPTORS
Death receptors belong to the tumor necrosis factor (TNF)/nerve growth factor receptor superfamily and are transmembrane proteins with three domains: an extracellular ligand binding domain, a transmembrane domain and a terminal domain. Death receptors are involved in transmitting the death signal from the cell surface to intracellular pathway upon substrate binding [1] . The best characterized death receptors which functions in apoptosis are Fas, TNF receptor 1 (TNFR1), TNF related apoptosis including ligand receptor 1 (TRAIL-R1) (death receptor 4, DR4) and TRAIL receptor 2 (TRAIL-R2) death receptor 5 (DR5). A soluble Fas decoy receptor De R3 and three decoys of TRAIL receptors, TRAIL R3, TRAIL R4 and osteoprotegrin (OPG) have been characterized but they are unable to trigger apoptosis because of the absence or truncation of the cytoplasmic death domain. The ligands that bind to the death receptors belong to the TNF superfamily of cytokines, which is comprised of TNF-α, FasL and TRAIL. The first step in receptor-mediated apoptosis is initiated by ligand binding to the death receptor, a process that causes receptor trimerisation and recruitment of adaptor proteins at the cytosolic death domain (DD) of the receptor. Fas and TRAIL-associated death domain (FADD/TRADD) proteins further bind procaspases-8 and/or -10 and form the DISC formation and strong activation of caspase-8 that directly activates the downstream executioner caspases-3 and -7.
In type II cells, DISC formation is weak and therefore insufficient to induce direct caspase-8 catalyzed apoptosis per se, rather it initiates the cleavage of a proapototic protein, Bid and that in turn engages mitochondria apoptotic signaling. Thus, the mitochondria functions as amplifiers that induce the activation of executioner caspases. Type II cells strongly depend on caspase-9 activation and the mitochondrial amplification loop to mediate Fas induced apoptosis. This finding provides evidence for the two pathway model viz. the extrinsic death receptor and the intrinsic mitochondrial pathways of cell apoptosis mediated by death receptors.
The death receptor pathway has been best described in the immune system. Activated T cells and Nature Killer (NK) cells are the major cells expressing FasL and the mutations in Fas/FasL in humans lead to the complicated immune disorder, autoimmune lympho-proliferative syndrome. Normally, the Fas-FasL is weakly expressed in CNS, including glial cells and neurons and is associated with the maintenance of immune suppression and prevention of an inflammatory response.
Fas presence in developing brain was involved in neurite remodeling. Fas mediate neuronal branching through its death domain, without caspase activation. Under condition of stroke, an increased expression of Fas/FasL could induce neuronal apoptosis and contribute to neurodegeneration. Thus it appears that the Fas system within the CNS has a dual function namely the participation in neurite branching during development and in neuronal apoptosis during the disease state. In pathological conditions, elevated TNF-α and TNF-α receptors expression were shown to contribute to neuronal cell death [2] .
MITOCHONDRIAL PATHWAY
Mitochondria are key players in the early induction and regulation of apoptotic cell death. Apoptotic stimuli such as DNA damage, ROS, or Fas signaling mediated mitochondrial cell death by a process that results in the release of small pro-apoptotic proteins that are normally located in the mitochondrial inner membrane space (Figure 1) . Once in the cytosol, pro-apoptotic proteins like cytochrome C, second mitochondria-derived activator of caspases/direct IAP binding protein of low pI AIF and endonuclease G trigger caspase dependent or independent apoptotic death pathways. In the caspase-dependent mechanism, cytochrome C binds to an adaptor molecule, apoptotic protease activating factor 1 (Apaf-1) to form the apoptosome where procaspase-9 is recruited and activated in the presence of ATP. Caspase-9 further cleaves and activated the effector caspases, procaspase-3 and/or -7, which process substrates like caspase activated DNase (ICAD) or PARP, and leads to DNA fragmentation. In a caspase-independent manner, AIF translocates to the nucleus where it induces DNA fragmentation and chromatin condensation while endo G induces internucleosomal DNA fragmentation.
POLYCHLORINATED BIPHENYLS (PCBs) INDUCED OXIDATIVE STRESS
PCBs are a family of halogenated aromatic hydrocarbons and one of the environmental pollutants, which are widely used in electrical industries [3] . They are lipophilic and resistant to biologic decomposition and can accumulate in higher tropic levels through the food chain [4] . Aroclor 1254 is a commercial mixture of PCBs. PCBs are developmental neurotoxicants and it has been shown to produce neurochemical alterations in several experimental settings [5] as well as behavioral changes in learning, memory, motor activity and sexual behavior [6] . PCBs especially are highly chlorinated. PCBs may selectively induce cytochrome P450s as a possible source of ROS or alternatively the oxidation of a broad range of endogenous and exogenous substances. Oxidative stresses induced by PCBs are due to interaction of these compounds with aryl hydrocarbon receptors (AhR) (Figure 1 ) and activation of the cytochrome P450 1A superfamily. The cytochrome P450 catalyzed oxidation of lower chlorinated biphenyls gives rise to mono and di hydroxyl metabolites. Later can auto oxidize or be enzymatically oxidized to semi-quinone and /or quinines [7] . Some PCBs quinones undergo redox cycling with the formation of ROS thus becoming another source of oxidative stress [9] . ROS like 2 , HO . and H 2 O 2 are thought to contribute to LPO, DNA damage and protein degradation. Mechanisms of AhR and apoptosis were adopted and combined from Pravettoni et al., [7] and Engel and Evens [8] , respectively.
Cell death by apoptosis is a part of normal development and maintenance of testicular homeostasis. During various stages of spermatogenesis an adequate amount of germ cells are eliminated via the process of apoptosis in order to maintain a precise germ cell population in compliance with the supportive capacity of Sertoli cells. The two divergent pathways of testicular apoptosis namely, the receptor mediated Fas/FasL pathway and the mitochondria mediated pathway play a important role in maintaining the germ cell population [18] . In appropriate activation of apoptosis could enormously jeopardize spermatogenesis and hence fertility. ROS is considered a potential signal for apoptosis. Elevated levels of ROS can cause oxidation of the mitochondrial pores thereby disrupting the mitochondrial membrane potential and releasing cytochrome C thereby activating the mitochondrial mediated pathway of apoptosis. In addition; ROS have been shown to induce the expression of Fas receptor and ligand stimulating the Fas/FasL-mediated apoptotic signal transduction pathway. Several environmental disruptors are known to inappropriately increase the levels of ROS [19] [20] [21] . mechanisms which include enzymatic antioxidants such as SOD, GPx [10] . The inherent biochemical and physiological characteristics of the brain including high poly unsaturated fatty acids and energy recruitments make it particularly susceptible to free radicals mediated insult [11] .
Our findings reveal that PCB reduces fertility in male rats by reducing the organ weight of accessory sex organs, serum testosterone, estradiol, thyroid hormone profiles, testicular Leydig and Sertoli cellular function as well as histoarchitecture. It also induces oxidative stress in sperm parameters. PCB exposure decreased steroidogenic machinery through decreasing testicular Leydig cellular steroidogenic enzymes such as 3ßHSD, 17ßHSD. Oxidative stress is induced by promoting lipid peroxidation, and a decrease in the activity of antioxidant enzymes in testis, epididymis, ventral prostate, seminal vesicles, liver, kidney and brain regions [12] [13] [14] [15] [16] [17] . Recently we have studied that mRNA expression of Cu/ Zn SOD and GPx were decreased in most of the brain regions of PCB exposed rats [16] . Neuronal damages were also observed in all the brain regions after PCB exposure.
The Fas system has been widely recognized as a key regulator of the apoptosis signal transduction pathways. Fas is a type I transmembrane receptor protein and Fas ligand is a type II transmembrane protein. The ligation of FasL to Fas triggers an FasL mediated apoptotic death in a target cell leading to the activation of caspase 3 [22, 23] . All the cells expressing both Fas and FasL do not undergo apoptosis under normal conditions but when an external stimuli is induced then can become significantly sensitized to the Fas mediated apoptosis [24] .
Our recent study [21] revealed an evident induction of both Fas and FasL levels in testicular Sertoli cells after PCB treatment. This result was in accordance to onset of FasL mRNA upregulation after Sertoli cell injury [19] . The result indicated that increased expression of FasL in Sertoli cells triggers apoptotic elimination of Fas expressing germ cells, suggests that the upregulation of FasL expression in Sertoli cells and increased activation of caspase 3 may be associated with apoptosis in PCB treated rats.
Co localization of caspase 3 and Fas showed an increased expression of caspase 3 and Fas. The ligation of Fas to FasL could stimulate nuclear factor kappa B (NFkB) activation [24] . NFkB is a complex of p65 and p50 proteins and is found to be constitutively expressed in the nuclei of rat testicular cells. In normal cells, NFkB dimmers are sequestered in the cytoplasm by inhibitory kappa B (IKB). When it exposed to external signal degradation of IKB, free NFkB translocates to the nucleus. NFkB exerts both pro and anti-apoptotic effects in testis upon toxicants exposure [25] . Our study demonstrates that PCB exposure decreased the mRNA expression of NFKB of testicular Sertoli cells [21] .
Both intrinsic and extrinsic pathways of apoptosis enter into a common downstream effector caspase 3 which can induce DNA fragmentation by the activation of endonuclease. Cell death by apoptosis is a relatively rapid mechanism and complete removal of the cell often occurs within hours from the tissue [26] . This has been confirmed by histological studies.
PCBs INDUCED NEURONAL APOPTOSIS: HIPPOCAMPUS
PCBs exposure produces neurodegeneration and oxidative stress. Epidemiological data indicate that PCBs negatively impact neuropsychological function in exposed children [9] and experimental animal studies confirm that developmental exposure to PCBs causes cognitive and psychomotor deficits [27] . These functional deficits reflect subtle perturbations of neuronal connectivity in the developing brain. A critical determinant of neuronal connectivity is apoptosis which is essential to normal brain development occurring in proliferative zones and in post mitotic cells in both the fetal and postnatal brain [28] . Apoptotic signaling pathways are triggered by various molecular cues, one of the most common being ROS. PCBs induced ROS may be linked to increased neuronal apoptosis which was evidenced in primary neuronal cell cultures [29] and this pro apoptotic effect can be blocked by agents that decrease intracellular levels of ROS [30] . Kass and Orrenius [31] demonstrated that a number of environmental toxicants target calcium signaling process, alter them and induce cell death by apoptosis. PCBs cause alterations in cognitive functions as learning and memory in animal models and data are consistent with those obtained in humans [32] . The central components of apoptotic pathways are the proteases of the caspase family. Caspase 3 is a potent effector of apoptosis which triggers via several different pathways in a variety of mammalian cell types and is one of the most important caspases activated downstream of cytochrome c in the cytochrome c dependent apoptotic pathways. The increase in the caspase-3 activity in the hippocampus of PCBs-exposed rats correlates with a decrease in procaspase-3 content observed by western blot analysis [17] .
PCBs influence ROS. ROS induces apoptosis. The mechanism of PCBs on the biological cell is through aryl hydrocarbon receptor mechanism through cytochrome p450 subfamily. PCBs are metabolised through enzymatic/autooxidation and they form quinine or semiquinone. They release superoxide ions. ROS can be derived from exogenous sources or produced in vivo; these include superoxide anion, the hydroxyl radical and hydrogen peroxide. ROS at low levels participates in cell signaling while higher levels are deleterious due to oxidation of proteins; lipids and DNA. Persistent ROS production compromises the cellular antioxidant defense systems and results in oxidative stress and apoptosis.
The schematic representation in the Figure 1 shows the main molecular pathways leading to apoptosis. In the extrinsic pathway upon ligand binding to specific receptors the DISC complex is formed and caspase 8 activated. In the intrinsic pathway, release of cytochrome c from the mitochondria results in the formation of the apoptosome and activation of caspases 9 and 8, then activate downstream caspase such as caspase 3 resulting in cell death. These two pathways are connected through the cleavage of BH3 only protein BID.
The extrinsic pathway is induced by ligand mediated activation of tumor necrosis factor family of the cell surface receptors. The most common pathways of proapoptosis, the intrinsic pathway is activated within the cell itself such as in response to stress initiated by damage inducing agents like PCB. In the present study, PCB induced apoptosis evidenced through the intrinsic pathway which involves the release of cytochrome c from mitochondria and is regulated by the Bcl2 family of proteins upstream of caspase activation [33] . Bcl2 is an apoptosis suppressing factor that hetero dimerizes with Bax and neutralize the effect of the latter. When Bcl2 is present in excess, cells are protected against apoptosis. When Bax is excess and the homodimers of Bax dominate, cells are susceptible to programmed cell death. Therefore, it is the ratio of Bax to Bcl2 which determines the fate of a cell [34] . Our earlier recent studies demonstrated that PCB treatment showed a significant increase in the activation of caspase 3 followed by an intrinsic pathway of apoptosis in the hippocampus of PCB treated rats [17] .
Death receptors are cell surface receptors that transmit apoptotic signals initiated by specific ligands such as Fas ligand, TNF alpha and TNF related apoptosis inducing ligand (TRAIL) which activate finally caspase cascade. Activation of caspase 8 illustrates the TNF receptor signaling pathway. PCB increased caspase 8 mRNA expression in the hippocampus of adult rats. This upregulation results in Fas-Fas L mediated induction of hippocampal apoptosis. TNF α mRNA also increased after PCB exposure. Binding of TNF α to TNF R1 results in captor trimerisation and clustering of intracellular death domains [17] .
The ligation of Fas to FasL could stimulate NFKB activation [24] . NFkB is a complex of p65 and p50 proteins and is found to be constitutively expressed in mammalian cells. In normal cells, NFKB dimmers are sequestered in the cytoplasm by inhibitory Kappa β (IK β). When it is exposed to external signal degradation of IK β, free NFKB translocates to the nucleus. NFKB exerts both pro and anti-apoptotic effects in testis upon toxicant exposure [25] . Recent study depicted that on hippocampal neurons increased mRNA expressions of NFKB were observed after PCB exposure. This indicates that activation of NFKB is the signaling event that leads to cellular dysfunction and damage. Increased intracellular production of ROS and activated NFKB has been studied in diabetic nephropathic situations also [35] . Induction of NFkB and TNF α after PCB exposure plays a critical role on neurodegeneration.
As discussed earlier, the Fas system has been widely recognized as a key regulator of the apoptosis signal transduction pathways. Fas, is a type 1 transmembrane receptor protein and Fas ligand (Fas L) is a type II transmembrane protein. The binding of FasL to Fas triggers as Fas L mediated apoptotic death in a target cell leading to the activation of caspase 3. When an external stimulus sensitized to the Fas mediated apoptosis. After PCB exposure induction of both Fas and Fas L levels were observed in rat hippocampus. Increased expression of Fas L in hippocampus triggers apoptotic mechanism suggests that upregulation of Fas L expression in hippocampus and increased activation of caspase 3 may be associated with apoptosis in PCB treated rats. This indicates that PCB exposure modifies important processes associated with the hippocampal response to PCB notably downregulating PCB metabolism and increasing apoptosis. Thus it is realistic to show the link between PCB increased ROS production, functional alteration as well apoptosis on hippocampus. It is vulnerable to oxidative stress and PCB toxicity. The damage in other regions such as cerebral cortex and cerebellum is also evident. In our earlier studies also neuronal damages were observed in all the brain regions [16] .
ALTERNATIVE DEATH PATHWAYS
T cells can exert cytotoxicity via exocytosis of their cytotoxic granules [36] [37] [38] . The most important components of cytotoxic granules are the pore-forming protein perforin and the lymphocyte-specific granule serine esterase granzyme B (GrB) [39, 40] . Perforin and granzymes induce target-cell apoptosis cooperatively. Granzymes trigger caspase activation directly by caspase processing and indirectly by upregulation of proapoptotic genes, whereas perforin supports the appropriate delivery of granzymes by inducing transmembrane pores [38] .
Perforin/Granzyme Pathway
T-cell mediated cytotoxicity is a variant of type IV hypersensitivity where sensitized CD 8+ cells kill antigenbearing cells. These cytotoxic T lymphocytes (CTLs) are able to kill target cells via the extrinsic pathway and the FasL/FasR interaction is the predominant method of CTL-induced apoptosis [41] . The serine proteases granzyme A and granzyme B are the most important component within the granules [42] . Granzyme B will cleave proteins at aspartate residues and will therefore activate procaspase-10 and can cleave factors like ICAD (Inhibitor of Caspase Activated DNAse) [43] . Reports have also shown that granzyme B can utilize the mitochondrial pathway for amplification of the death signal by specific cleavage of Bid and induction of cytochrome c release [44, 45] . However, granzyme B can also directly activate caspase-3. In this way, the upstream signaling pathways are bypassed and there is direct induction of the execution phase of apoptosis.
It is suggested that both the mitochondrial pathway and direct activation of caspase-3 are critical for granzyme B-induced killing [46] . Earlier studies indicate that this method of granzyme B cytotoxicity is critical as a control mechanism for T cell expansion of type 2 helper T (Th2) cells [47] . Moreover, findings indicate that neither death receptors nor caspases are involved with the T cell receptor-induced apoptosis of activated Th2 cells because blocking their ligands has no effect on apoptosis. On the other hand, Fas-Fas ligand interaction, adapter proteins with death domains and caspases are all involved in the apoptosis and regulation of cytotoxic type 1 helper cells whereas granzyme B has no effect.
Granzymes and Calpain
T cells and natural killer (NK) cells utilize a granuleexocytosis pathway for the elimination of virus-infected cells. Cytotoxic granules deliver a pore-forming protein, perforin, and a family of serine proteases known as granzymes into a tightly sealed intercellular synapse, presumably to ensure their selective uptake into target cells. Granzyme B can cleave caspase-3, but also cleaves other substrates including BID and ICAD which results in activation of the CAD DNase as well as alternative pathways of apoptosis [48, 49] . Granzyme A targets the SET complex resulting in the degradation of selected components, freeing the NM23-H1 DNase and resulting in single-stranded DNA nicks [50] . Granzyme C induces yet another caspase-independent death distinct from either granzyme A or B. Notably, the -dependent cysteine protease, calpain also shares some common substrates with the caspases including cleavage of caspases themselves [51] . 
Ischemia Reperfusion
Occlusion of coronary arteries results in myocardial infarction characterized by massive cell death due to deprivation of oxygen, nutrients and survival factors. Reperfusion of the ischemic tissue is the treatment for acute coronary syndromes and limits the size of the lesion but still results in damage due to oxidative stress, increased cytosolic and mitochondrial calcium levels and inflammation determining what is known as reperfusion injury. Apoptosis plays an essential role in the pathogenesis of ischemia/reperfusion (I/R) and in general prolonged ischemia determines an increase in necrosis while reperfusion leads to increased apoptosis. Death during I/R is of different kinds: necrotic apoptotic and autophagic. Both the intrinsic and extrinsic apoptotic pathway are involved in I/R. Indeed LPR mice (FAS deficient) show reduced infarct size while deletion of both TNFR1 and TNFR2 appears to have a protective effect. The role of the intrinsic pathway is demonstrated by reduced apoptosis in cardiomyocites over-expressing Bcl-2 or lacking Bax, both in vitro and in vivo. A number of studies have shown that inhibitors of caspases can protect cardiomyocites reducing the infarct size. Interestingly, over-expression of constitutively active Akt or pharmacological sustained activation shows significant protection from apoptosis probably by inactivating a number of proapoptotic proteins [52] .
CONCLUSIONS
An intact death pathway is required for successful embryonic development and the maintenance of normal tissue homeostasis. The deleterious effect of ROS is a function of activation of intracellular cell death circuitry. Involvement of ROS at different phases of the apoptotic pathway, such as induction of mitochondrial permeability transition and release of mitochondrial death amplification factors, activation of intracellular caspases and DNA damage has been clearly established.
The above review showed PCBs induced neuronal apoptosis particularly on hippocampus. PCBs induced oxidative stress and testicular apoptosis have also been studied in our laboratory recently. Understanding the mechanism at its molecular level provided deeper insight into various disease processes and may thus influence therapeutic strategy. 
